Abstract
confine disruptive activity to areas with higher levels of natural disturbance (on the assumption that these may be 23 more resilient to anthropogenic disturbance) or, for seabed remediation, to focus on sites with little natural 24 disturbance (as these may take longer to return to a recovered state without such intervention). Applications 
Methods

31
Hydrodynamics
32
Wave and currents were modelled on the European continental shelf in the region between 48° N and 58.5° N and 33 10° W to 10° E with a grid resolution of approximately 11 km (1/6 degree east-west, 1/9 of a degree north-south).
34
Seabed sediment type and grain size information were available for a more limited area restricting the region for 35 which disturbance calculations could be carried out (Figure 1 ). Simulations used here were for the year 2008.
36
Depth mean tidal and wind driven currents were calculated using the POLCOMS model (Holt & James, 2001) 37 forced with 15 tidal constituents (Q1, O1, P1, S1, K1, 2N2, μ2, N2, ν2, M2, L2, T2, S2, K2, M4) and hourly wind and 38 pressure at 12 km resolution from the UK meteorological office mesoscale atmospheric model. Using the same 39 meteorological forcing, the WAM spectral wave model (Osuna & Wolf, 2004 ) was used to provide the root mean 
48
The grain-related current stress (τ'c) was calculated from the depth-mean tidal velocity (Uc) using a standard for the same purpose. In this study, unless otherwise specified, we use the velocity amplitude (Uw) of the 14 equivalent monochromatic wave (EMW) and the average zero-crossing period (Tz) at the bed for the wave period.
15
Uw is derived from the RMS wave orbital velocity as The grain-related wave bed stress was calculated as 
29
The threshold condition for the movement of non-cohesive sediments is normally expressed in terms of the 30 Shields number, derived from ' τ the skin friction component of total bed stress (Nm -2 ), is a non-dimensional median grain size (ν is the kinematic viscosity). This will be referred to as the 'standard'
44
Shields value. 
13
Cefas also included measurements of the grain size of the gravel fraction. A kriging technique implemented in the 14 gstat package (Pebesma, 2004 ) was used to interpolate the data to the model grid.
16
For calculating natural bed disturbance, a distinction between mud, sand and gravel beds was assumed. It was 17 decided that the response of heterogeneous bed types (e.g. muddy sand, sandy gravel) to wave and current stress 18 is not sufficiently known to be able to make quantitative predictions. Therefore mixed beds were assigned to 
10
For the bed disturbance calculations the median sediment diameter is required. All datasets included the median 11 size of the sand fraction. Only the Cefas data included size information on the gravel fractions. In order to 12 estimate gravel size in regions where there were no measured values the Cefas data was used to derive a tentative 
Disturbance prediction 4
Disturbance was taken to mean physical movement of the surface layers of the seabed sediment. The intensity of 5 natural disturbance was quantified by estimating the number of days in a year the bed was disturbed by tides and 6 waves. Central to the approach adopted was the definition of a disturbance 'event' associated with a fixed time 7 window. The time window was taken to be one day and multiple disturbances within one day counted as a single 8 disturbance 'event'. The period of a day was chosen to reflect approximately the duration of a typical significant 9 wind event or 'storm' so that this would count as a single disturbance event. Clearly this is not exact and a 10 different choice of time window would change to some variation in the predicted disturbance frequency. For each 11 simulated day, a prediction was made at each grid location of whether bed disturbance had occurred and (for 12 sand) the maximum disturbance depth over that day. A cumulative record was kept to give the 'disturbance 13 frequency' − defined as the number of days in a year the bed was predicted to be disturbed (to a given depth) at 14 each grid point. Note that the disturbance considered in this study is not just that associated with wind-driven 15 events but may be due to tidal currents. The procedure adopted for sand, mud and gravel beds is described later 16 in the appropriate sections.
18
Many of the relations used in this study to predict bed disturbance were derived from best fits to highly scattered 19 laboratory or field data. An important aspect of the work was an attempt to quantify uncertainty in the predicted 20 annual disturbance frequency by undertaking a Monte Carlo simulation. Let Y(u, s), be some deterministic 21 prediction depending on hydrodynamic forcing u and bed characteristics, s. In our case Y will represent either a 22 stress threshold disturbance above which disturbance is assumed to occur or a prediction of disturbance depth.
23
Assuming Y was derived from a fit to scattered data, a set of runs was undertaken where in each run, Y was scaled 24 by a multiplier ξ ( ξ1 ≤ ξ ≤ ξ2) taken from a probability distribution with Cumulative Distribution Function (CDF) 25 chosen (subjectively) to represent the scatter in the experimental data. It is emphasised that the uncertainty and 26 associated probabilities that we later calculate arises from out lack of ability to predict ripple formation it is not 27 implied that ripple formation is itself a stochastic process.
29
Once fixed, each value of the parameter ξ gives rise to a particular value of annual disturbance frequency N(ξ) at a 30 given location. The way that ξ enters the formulation (described later) was designed so that disturbance 31 frequency is a non-increasing or non-decreasing function of ξ. This allows a simple way of ascribing a probability 32 that the disturbance frequency equals or exceeds a given value since, in the case where N is a non-increasing 33 function of ξ, Pr(N≥N * ) = Pr(ξ ≤ ξ * ) = F(ξ * ) where F is the chosen CDF. For the non-decreasing case this becomes be problematic when N takes on only discrete integer values since a range of values of ξ can give the same N. In 1 this case it is the maximum/minimum value of the range that needs to be taken in the non-decreasing/non-2 increasing case respectively. As a general comment, it is noted that only certain specific sources of uncertainty 3 were included in the analysis. The effect of uncertainty in the modelled wave and current inputs for example was 4 not quantified, although in principle this could be done.
6
Sand
7
For sandy substrates natural disturbance of the bed is indicated by the occurrence of bedforms resulting from the 8 movement of sediment by hydrodynamic processes. Bedforms occur over a large range of length scales, from 9 ripples with wavelengths of a few centimetres to sand banks many kilometres in length. It was deemed that the 10 most appropriate scale of bedform to compare with anthropogenic impacts were ripples (height < 5-10 cm) and 11 small-scale dunes or megaripples (10 cm < height < 50 cm) on the basis that disturbance depths (1-10 cm) and 12 timescales (changes over minutes to hours) associated with these bedforms were closest to the relatively sudden 
21
Although some observations have been made of bedform generation under interacting waves and currents (e.g. Li
22
& Amos, 1998) no attempt was made to account for this and current and wave generated bedforms were assumed 23 to exist independently with the maximum was taken as the disturbance depth.
25
Based on fits to laboratory and/or field data, a number of workers have proposed empirical formulae for 26 predicting equilibrium bedform heights as a function of hydrodynamic conditions. In most cases the data show 27 rather a large scatter around the fitted curves. To take account of this uncertainty in predicting bedform heights, η is a deterministic height prediction for a possible bedform type (ripple, megaripple, large wave ripple)
33
and εb is a random scaling parameter to account for the uncertainty in predicting that bedform height. The 34 probability distributions chosen for εb are discussed later.
36
Bedforms were not assumed to be in instantaneous equilibrium with hydrodynamic forcing. 
45
In the calculations, 1 cm depth bins are defined and bedform heights were halved and rounded to the nearest 46 depth bin to obtain the disturbance depth. At a given location, the maximum over the disturbance window of a day and over all bedform types was taken as the disturbance depth.
49
Current generated bedforms 1 For the purpose of bedform generation, tidal flows were assumed to change on a slow enough time scale to be 2 considered as steady currents. For current generated bedforms there appears to be some consensus (e.g.,
3
Southard & Boguchwal, 1990) that the types of small-scale bedforms is broadly in line with that shown in Figure   4 4. With increasing Shields number, the bed moves from a state of no motion to a ripple regime followed by a with relatively high currents and therefore well mixed. Both relationships were used in this study and the 8 outcomes discussed in the results section.
10
Where megaripples/dunes were predicted, bedform height was calculated using the field observations based 
The corresponding equilibrium time for Equation (9) is speculative and the assumption 
17
The transition to a flat upper plane bed under sheet flow conditions was assumed to occur when the skin friction were used in this study. These were selected on the basis that: 1) they were developed taking advantage of data 9 and insights from a previous work; 2) they were calibrated using the large dataset of observations now available; 10 3) they use independent variables that are relatively unambiguous and easy to measure; 4) there is a 11 recommendation of how they should be applied in the case of a wave spectrum. Note that both of the formulae 
is the mobility number based on the average wave orbital velocity taken over the highest tenth of waves in the 
25
The corresponding wave ripple equilibrium timescale for Equation 9 was taken as T = T w=1 hour. The relatively 26 poor performance of ripple predictors and large scatter in the data is explored further in the discussion section. In 27 this study the uncertainty is partly accounted for by undertaking calculations using two ripple height where the wave excursion amplitude Aw was calculated from the equivalent monochromatic wave orbital velocity 40 and the zero crossing period at the bed. When used in Equation 9 the adjustment timescale was set at
hours.
42
Finally in this section, the details of the uncertainty analysis for sand beds are given. Current ripples were found 43 to be small and confined to the top 1 cm so an uncertainty analysis was deemed over elaborate and was not 
Gravel
13
For gravel beds, 'disturbance' was deemed to have occurred when the wave-current stress exceeded a threshold 14 for gravel movement. This needs to be made more precise when the waves are given as a spectrum since for any 15 given threshold condition, some proportion of the waves in the spectrum will exceed it and some not. Also, there 16 is the uncertainty in the threshold value itself.
18
We address the first issue by choosing the EMW as the representative measure of wave orbital velocity and simply 19 defining disturbance to have occurred when the wave-current stress calculated using it exceeds the threshold 20 value. It will be accepted that the results on disturbance frequency will depend on the choice of the EMW. 
31
In the limit of large sediment sizes appropriate to gravel, the standard Shields curve gives the critical threshold for partly to an inherent difficulty in accounting for all factors affecting movement in a single variable (grain size).
48
Given the uncertainty in the critical threshold Shields number for gravelly sediments, an ensemble of simulations was predicted. No attempt was made to assign a depth to this disturbance.
20
In contrast to the procedure adopted for gravel and sand beds based on some average of the wave spectrum,
21
disturbance over a muddy substrate was related to the occurrence of extreme waves. The probability that at least 22 one wave in a given wave spectrum will exceed the threshold criterion for type II erosion was calculated as 
38
With this result we have 0.6 of the area disturbed twice and 0.4 disturbed once. This is equivalent to adding areas 39 0.6 + 1.0, provided 1.6 is interpreted as meaning "0.6 of the area was disturbed twice and 0.4 was disturbed once".
40
For p * < 1.0 such a simple result does not hold and in general the area disturbed must be represented by a 41 probability distribution over all the possible times the bed could have been disturbed. To avoid a complex and 42 over elaborate calculation we assume that the mean of the probability distribution at least can be approximate by assumed that natural disturbance on sand or gravel substrates affects the entire area so that p * is either 0 or 1. It is emphasised that the probabilities above, interpreted in terms of proportion of area disturbed, are distinct from the uncertainty analysis and associated probabilities that we describe next and are the probabilities to which the 49 results section refers.
51
As for other substrates an uncertainty analysis was undertaken. Limited information on type II erosion exists but 52 previous studies suggest it can occur for hydrodynamic stress exceeding crit τ in the range of 5 to 10 Nm -2 (Perigaud, 1984; Amos et al., 1992). Uncertainty was accounted for by undertaking an ensemble of runs varying 1 the threshold value. The value was assumed to be uniformly distributed on the interval [5, 11] Nm -2 representing 2 a subjective judgement of the uncertainty. The lower end of the range was set at a relatively high value to reflect 3 that it was a significant disturbance event that was sought. 
Results
7 Results were calculated using meteorological conditions for the year 2008. When averaged over the whole 8 European shelf, wind speed in 2008 was higher than the 2000-2010 decade average (analysis of NOAA data; 9 Kalnay et al. 1996) with a notable enhancement in the English channel region. A plot of the wind anomaly in 10 included in supplementary material. Further work, to be reported later, will consider inter-annual variability. As 11 the resolution of the bathymetric information (11 km) was not sufficient to reliably resolve wave conditions near 12 the coast where depths shoal rapidly or in narrow channels between land masses, results and discussion will 13 focus mainly on giving a large scale broad assessment for the offshore continental shelf region.
25
Wave generated bed stress will be determined by the combination of water depth, wave height, and wave period.
26
An indication of the interplay of these factors is given by the spatial distribution of the annual peak of wave 
33
Wave and current stress were combined using the wave current interaction model and the annual peak value of 
43
If the peak wave-current, grain related, stress distribution is normalised with the critical threshold stress 1) for gravel regions the grain size and hence bed roughness is estimated rather than measured and so the 49 threshold stress is highly uncertain ; 2) the standard Shields criterion is an average fit through scattered data; 3) 50 for cohesive mud beds, the Shields curve does not apply. The criterion adopted for mud disturbance (type II 51 erosion) occurs at stresses that are typically two orders of magnitudes higher than that for initial disturbance at surface (of type I erosion). indicating that they should therefore be treated differently from other bedform types that cover extended areas. 
15
(reproduced by permission US Office of Naval Research) 16
To demonstrate that the ensemble runs are correctly reproducing the uncertainty in ripple height prediction, the 17 distribution of modelled wave ripple and LWR heights generated at one location from a year of simulated wave 18 forcing (Fig. 16, left) was compared with measured data (Fig. 16, right) 
3
The ODWR predictor was used for the results shown next so that all probabilities are relative to use of this ripple 4 predictor. Model results are presented for disturbance to depths of 3 and 5 cm. These illustrate the differing 5 bedform types that are most relevant in a given depth range. To describe the probability distribution of predicted 6 disturbance from the run ensemble the following three quantities were plotted for a number of disturbance 7 depths: a) P>0, the probability that disturbance occurs to the given depth at least once in the year; b) N50, the 8 median value of disturbance frequency at the given depth (days year -1 ), and c) the difference between upper and 9 lower limits (i.e. the range) of the disturbance frequency. Also useful for interpretation is the range relative to the
where the +1 in the denominator avoids problems when the median is zero.
11
Values of U< 1.0 indicate that the median gives a reasonable measure of a typical value, while if U > 2.0, the 12 average has a limited significance as a typical value.
14
Results for disturbance to depths of 3 cm (bedform heights ≈ 6 cm) suggest that the Dogger Bank, the Dutch, 
25
Disturbance to depths of 5 cm (i.e. bedform heights of ≈ 10 cm) was predicted with greater than 0.5 probability 26 only on the Dogger Bank, areas off the Dutch, German and Danish coasts, and exposed west coast regions of the UK
27
( Figure 18a ). For the ensemble median, disturbance was predicted to occur on less than 20 days per year at 28 almost all locations and less than 5 in most regions (Figure 18b ). For disturbance to 5 cm the areas of highest 29 median frequency value and greatest range tended to coincide (Figure 18c ). However unlike the case for 30 disturbance to 3 cm, the distribution of U tended to give a high uncertainty at locations with significant probability 31 of disturbance and low uncertainty in regions likely to be undisturbed. This is expected from a consideration of 32 how uncertainty will vary with disturbance depth. Highest uncertainty should occur around the maximum depth 33 predicted by a given ripple formula (which appears to be around 5 cm for the ODDW and LWR formulae) This is 34 because for a shallower depth, all members of the ensemble will predict disturbance, giving high certainty; while 35 in very deep layers all ensemble members will predict little or no disturbance, again giving high certainty. The 36 region off the southwest of the UK was unusual in having a high disturbance probability coupled to low 37 uncertainty (i.e. a high confidence in the predicted disturbance frequency). This was because the predicted mean 38 depth is much larger than 5 cm (see Figure 13) . At 5 cm the dominant cause of disturbance at most locations was 39 predicted to be Large Wave Ripples. Again the exception was the southwest coast of the UK where 'normal' wave 40 ripples forming in coarse sand under long period waves appear to be the agents. However, this was partly 41 dependent on the choice of the ODDW as wave ripple predictor. The SW formula gave values that were typically 42 only half the ODDW values at this location and did not suggest that this area was unusual.
44
If current generated megaripples were included in the analysis (Figure 19 ) then disturbance to 5 cm and greater 45 was found to be common at most locations where megaripples were predicted (Figure 12 ) with a high 46 disturbance frequency particularly evident in the tidally dominated southern North Sea. Range as for sand substrates. Unlike the sand case, no attempt was made to assign a depth to the disturbance.
9
Results are first shown assuming the median gravel diameter can be predicted from the measured sand/gravel 10 ratio using Equation 7. With this assumption P>0 is greater than a half for 73% of the region classified as gravel 11 (Figure 20a ). The median disturbance frequency varies from less than five in deeper regions in the English
12
Channel and Irish Sea to greater than 50 in shallow regions along UK east coast (Figure 20b ). However 13 uncertainty is relatively high in regions with high predicted disturbance frequency (Figure 20c ).
15
Uncertainty in predicting gravel disturbance was compounded by not having the distribution of gravel size but 
18
The percentage of the gravel region with a non-zero probability of disturbance decreased from 97 to 88 to 67 for 
Disturbance over mud substrates 23
Based on the assumed range of stress thresholds for (type II erosion) bed failure, bed disturbance over muddy 24 substrates appears to be an unlikely occurrence. Figure 21 shows the probability of disturbance occurring on at 25 least 1 day of the year. The reader is reminded that this probability is broadly the proportion of runs in the 26 ensemble for which a non-zero disturbance area was predicted at a given location. Only the region of muddy sand 27 in the eastern Irish Sea appears to be a location where disturbance is likely. 
Sand substrates
5 Disturbance due to current ripples appears to be confined to the top 1 cm or so of sediment. Where tidal currents 6 regularly exceed the threshold for sediment motion, shallow surface disturbance will be a semi-continuous 7 process driven by tidally generated current ripples. This will occur over much of the southern North Sea, English
8
Channel and Irish Sea. Where tidal stresses are generally below movement thresholds, shallow current ripple 9 disturbance will be episodic and driven by storm events.
11
Larger, current-generated dune or megaripple bedforms were predicted to occur at many locations, particularly 12 where strong tidal currents occur. However, there is some controversy surrounding the nature of these bedforms 13 on the continental shelf. For predictive purposes there are two aspects to consider: conditions for occurrence and 14 bedform dimension assuming occurrence. Southard & Boguchwal (1990) in their synthesis of data on current 15 generated bedform regime boundaries explicitly include water depth as one of the independent variables. 
36
There seems to be increasing scatter in measured wave ripple heights under more extreme wave conditions. suggested by the flume studies of Pedocchi & Garcia (2009) where, under the largest waves, they appear to is the explanation for the scatter in data at high mobility number, we speculate that a possible reason for the in flumes, perhaps due to shallow water or free surface effects. Unfortunately, this would then call into question 1 the particular threshold value used here to predict LWR occurrence, since that was based on flume data.
2
Nevertheless, if the criterion used to predict LWR occurrence is assumed to be approximately correct under field 3 conditions, then for the year of data used in this study LWR were predicted to occur over large parts of the 4 continental shelf (Figure 15 ). In fact, discounting megaripples, LWR, where they occur, generally constituted the 5 main source of disturbance to depths greater than 5 cm.
7
The uncertainty analysis yields a cumulative distribution function for the disturbance frequency. However, this is 8 relative to the choice of a given predictor formula for the average height. Thus the total uncertainty is 9 compounded by the difference in mean heights predicted from alternative wave ripple formulae. Only certain 10 specific areas of uncertainty were included in the analysis. For example the sensitivity to modelled wave and 11 current forcing was not investigated nor uncertainty in thresholds for transition from ripples to 12 megaripples/dunes and wave ripples to LWR. Even ignoring this, the cumulative distribution function often 13 appears rather broad suggesting that predictability of the disturbance frequency appears to be poor, especially at 14 sediment depths near the maximum allowed by a given wave ripple predictor. If a particular location is of interest 15 it is recommended that the full spread of ensemble predictions be examined, including alternative ripple 16 prediction formulae, to provide an idea of the uncertainty rather than relying on summary statistics such as the 17 median or range.
19
Gravel substrate
20
Assuming gravel diameters can be estimated reliably from the correlation with the gravel/sand ratio (Equation 7)
21
the results indicate a significant proportion of area classified as gravel has a probability of disturbance > 0.5 (73%
22
of the area has a ≥ 0.5 probability of disturbance on at least one day). Gravel regions which appeared to have a 
27
There are important sources of uncertainty in the present predictions of disturbance over gravel substrates, would not be appropriate to treat these regions as non-cohesive sand. Nevertheless it is unlikely that these areas 43 would exhibit behaviour ascribed to pure mud beds and so the results presented here are tentative. The most 44 robust result would appear to be that the mud region potentially most exposed to wave action is in the eastern
45
Irish Sea. However given the low resolution of the model and that the region indicated is muddy sand rather than 46 pure mud this result needs to be treated with caution. Nearly all other muddy areas appear to be in deep areas not exposed to stresses sufficient for cohesive bed failure (type II erosion), even if these are assumed to be at the low 
Summary and conclusions
38
A methodology for estimating the number of days in a year physical disturbance of the sea bed occurs due to wave 
48
Sand substrates: 49 1. Current ripples cause disturbance only to the surface sediment (typically ≤ 1 cm) and in regions with strong 50 tidal currents this can be an almost continuous process. Elsewhere current ripple formation will be than 10 cm were predicted based on empirical relationships.
3. Where dunes/megaripples are not present, wave driven bedforms control disturbance at depths greater 1 than 1 cm below the mean seabed level. Estimates of wave ripple disturbance depth were found to be 2 sensitive to the choice of ripple predicator. The ODWR formula generally gave maximum annual disturbance 3 depths in the range 2-4 cm (ripple heights 4-8 cm). The maximum values from the SW formula were 4 generally about half this. The difference appeared to be connected with the dependence on wave period. LWR disturbance depths in excess of 6 cm were predicted, usually occurring off west-facing coasts.
8
Elsewhere, maximum LWR disturbance depths of 4-5 cm were typical. 9 5. If megaripples are excluded, median estimates of disturbance frequency for most locations were less than 50 10 and 20 days per year respectively at 3 cm and 5 cm below the seabed surface. Areas of higher disturbance 11 included the Dogger Bank and offshore of west facing coasts.
12
6. If megaripples were included in the analysis, disturbance due to these bedforms of at least 5 cm on more 13 than 100 days in a year were predicted in regions of strong tides. 
